The thermal stabilisation and ceramifying of silicone rubbers 
Translated by P. Curtis
The constantly increasing safety requirements of power-generating systems have resulted in the rapid development and use of polymeric insulation materials, making it possible to maintain the efficiency of articles at elevated temperatures or under conditions of a fire. Extremely promising materials for solving these problems are silicone rubbers, which possess high heat resistance and do not release toxic products on thermal and thermooxidative degradation or combustion. The final oxidation products of polydimethylsiloxanes are CO 2 , H 2 O, and powder SiO 2 [1] . The need to find additives, fillers, and catalysts that substantially increase the service life of siloxane elastomer composites at temperatures above 300°C or that promote the formation of ceramiclike materials is one of the most important avenues of applied research.
Heat-resistant rubbers
The increased resistance of polyorganosiloxanes to thermal and thermooxidative degradation has made it possible to create, on their basis, heat-resistant materials capable of operating for a prolonged period of time at temperatures of 200-250°C.
During the thermal and thermooxidative degradation of polyorganosiloxanes, two main processes are observed -the degradation of the siloxane skeleton and the degradation of the organic substituents at the silicon atom. The siloxane bond is resistant to the action of oxygen, and at elevated temperatures it is prone to thermal degradation through depolymerisation. The start of thermal degradation of polydimethylsiloxanes by the siloxane bond in an inert atmosphere in the absence of a catalyst or active functional groups with the formation of dimethylcyclosiloxanes is observed at temperatures of 390-400°C [2] . Owing to high polarity (≈50%), at elevated temperatures the siloxane bond readily decomposes even in the presence of microquantities of reagents of an acid and base nature. Degradation of the siloxane skeleton is accompanied with the formation of volatile organocyclosiloxanes or lower-molecular-weight organosiloxanes. In real rubber compounds based on polydiorganosiloxane rubbers, in connection with the presence of nucleophilic or electrophilic impurities, water, and silanol groups, the processes of degradation of the siloxane chain, depending on the amount of these impurities, can occur at 200°C or below. Here, there is a reduction in the physicomechanical characteristics, right until the transition of the solid vulcanisates into a pasty state. In view of this, the removal of ionic impurities of acid and base nature or their neutralisation is one of the necessary conditions for the development of heat-resistant materials based on polydimethylsiloxane rubbers.
It must be noted that, with very high rates of rise in temperature or during combustion of silicone rubbers, even in the presence of oxygen, it is mainly processes of thermal depolymerisation by the siloxane chain that occur.
The thermal and thermocatalytic degradation of the siloxane chain is influenced significantly by processes of thermal and thermooxidative degradation of the organic substituent at the silicon. The thermal degradation of the organic substituent at the silicon is accompanied with the formation of hydrogen, hydrocarbons, and crosslinks with a ≡Si-C-Si≡ bond, which prevent processes of depolymerisation. During the thermooxidative degradation of the organic substituent at the silicon, we observe the formation of formaldehyde, formic acid, methanol, CO 2 , water, and silanol groups. The homofunctional condensation of the latter leads to the precipitation of water and the formation of crosslinks between chains with a ≡Si-O-Si≡ bond, right until the formation of SiO 2 . The silanol groups and water formed during the partial oxidation of organic substituents activate processes of fragmentation and depolymerisation of the siloxane chain (especially in the presence of residues of ionic catalyst) [3] . On the other hand, on account of the condensation of silanol groups, crosslinks are formed, which prevent processes of depolymerisation.
Polyorganosiloxanes with methyl and phenyl groups at the silicon atom are most resistant to thermal and thermooxidative degradation. With increase in the length of the side aliphatic group, its resistance to oxidation decreases significantly and approaches the resistance of saturated hydrocarbons. Thus, polydimethylsiloxanes begin to oxidise at an appreciable rate at 200°C, polydiethylsiloxanes at 140°C, and polydibutylsiloxanes at 120°C [4] .
The oxidation of methyl groups in polydimethylsiloxanes is a chain free-radical process with branching of kinetic chains [3, 5] . High values of the activation energy of initiation of the reaction of oxidative processes (62-67 kcal/mol) result in low oxidation rates of the methyl group and promote prolonged inhibition of their thermooxidative degradation by small amounts of antioxidants even in the temperature range 300-350°C.
The use of traditional heat stabilisers for organic polymers is ineffective under the service conditions of materials based on polyorganosiloxanes, as most of them are comparatively highly volatile or decompose at elevated temperatures, initiating thermooxidative degradation. Heat stabilisers such as aromatic hydrocarbons, amines, phenols, and phosphorus-and sulphur-containing compounds lose their activity at 250-300°C [6] . To prevent evaporation of antioxidants, attempts were made to bind them chemically with the siloxane chain.
Investigations to find additives that would increase the efficiency of polyorganosiloxanes or materials based on them under conditions of elevated temperatures showed that the most promising are compounds of transition elements [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] .
Salts of organic acids of iron, cobalt, nickel, and copper [7] , and also oxides, salts of organic or inorganic acids, and complex compounds of most other transition metals [8] [9] [10] , are effective heat stabilisers.
Mixtures of polyethynylpyridine with oxides or salts of organic acids of Fe, Ce, Cu, and La have been proposed as heat stabilisers [11] . Heat-stabilised mixtures have an exothermic peak T = 360-408°C, and unstabilised mixtures T = 350-379°C.
The use of acetyl acetonates of Fe, Ni, and Ce [12] , ferrocene derivatives [13] , and complex cerium compounds [11, 14] makes it possible to increase considerably the thermooxidative stability and the duration of retention of the service properties of silicone rubbers. There is a group of patents and articles addressing the use of complex compounds of Ti, Zr, Hf, Ni, Ce, Zn, Mg, Al, Ag, Cu, Mo, and their salts in a mixture with organic acids [15] . In most patents, it is recommended that mixtures of certain heat stabilisers be used.
Very effective for increasing the flame resistance and heat resistance of silicone rubbers are additives of acetyl acetonates or oxalates of Ce, Zn, Fe, and Cr together with compounds of platinum, rhodium, and ruthenium [16] . Such a combination makes it possible to increase considerably the heat resistance and flame resistance of rubber compounds.
Rode et al. [17] showed that the heat-stabilising properties of transition metal compounds decrease in the order Zr > Ti > Fe > Cu > Co. Ligands also affect the heat-stabilising properties of these compounds. Thus, with ligands acting at atoms of metals of this group, the heat-stabilising properties decrease in the following order: alkoxyl derivatives > acetyl acetonates > acetates > carbonates > oxides.
Investigation of the mechanism of oxidation of the methyl group in polyorganosiloxanes in the presence of variable-valency transition-metal compounds [3, 18] showed that by reacting with molecular products they initiate a chain radical process, and by reacting with free radicals they rupture the chains. Depending on the conditions, one of these functions of the catalyst may predominate, as a result of which it may act now as an initiating agent, now as an inhibitor.
Different methods exist for introducing stabilising additives into organosilicon composites.
To improve the thermal stability of polyorganosiloxanes, products of the reaction of alkali metal siloxanolate with salts of carboxylic acids or cerium chloride in a mixture with alkoxy derivatives of zirconium, titanium, or iron have been proposed. The introduction of titanium or zirconium chlorides improves the heat-stabilising properties of the additive by increasing the solubility of the cerium compound in the polyorganosiloxane [19] .
As heat stabilisers, it has been proposed to produce polyorganosiloxane-soluble polymetallosiloxanes of the general formula [7] :
where M is a bivalent or trivalent metal of the series Zr, Zn, Fe(II), Fe(III), Ce, Cu, Cr, Sm, and Eu, obtained by the interaction of sodium oxy(alkoxy)organosilane with a metal chloride, bromide, or acetate [20] .
Nielsen [18] has suggested that inhibitors of the oxidation of polydimethylsiloxanes may be divided into two groups. The first group includes compounds whose inhibiting capacity is used up in the process of oxidation -organic salts of iron and cerium, and the second group includes compounds whose inhibiting capacity remains constant -organosiloxy vanadates and certain metal oxides.
Ceramifying rubbers
In the field of the development of flame-retardant electricalinsulation materials, three avenues can be distinguished:
• Non-flammable inorganic materials that form a ceramic in a thermooxidative medium at high temperatures under conditions of a fire at a temperature of 700-1000°C.
• Low-flammability or non-combustion-sustaining flameresistant polymer composites not forming a ceramic under conditions of a fire.
• Materials with reduced flammability, which during combustion form ceramic-like materials that form a ceramic when exposed to high temperatures.
Materials of the first and second types were examined in fair detail by Sobur' [21] . They include traditional inorganic and organic chemical flame retardants, which are widely used in construction for protecting different wooden, metal, and brick buildings and articles of polymeric materials, including cables. Here, electrical cables, which, for different reasons, can catch alight and spread fire within a building along cable runs, are among the components of buildings that are most at risk of fire. Therefore, the use of flame-retardant materials, which are applied to the surface of the cable or are used as seals for the holes through which the cables pass, has been described in fair detail. By way of example it is possible to cite Neoflame 531 flame-retardant paint for cables, Orgax-L1 flame-retardant intumescent elastic sheet material (a polymer composite based on rubber and mineral fillers, which is applied to a substrate of glass fabric and is intended for the flame protection of single electrical cables or bunched cables), and so on.
Ceramifying composites based on polyethylene and thermoplastic elastomers, including inorganic components capable of forming a refractory ceramic under the conditions of a fire, but not containing a silicone polymer, are proposed by Thomson et al. [22] .
In patents [23, 24] and in Hayashida et al. [25] it is shown that the introduction of platinum compounds as additives or vulcanisation catalysts into silicone rubber composites promotes an improvement in their flame resistance and retention of electrical insulation properties.
Flame-retardant composites have been proposed that contain siloxane rubber with terminal unsaturated groups, silicon dioxide, platinum compounds (platinohydrochloric acid and/or its complex with divinyltetramethyldisiloxane, and also with compounds with a triple bond -3-methyl-3-penten-1-yne, 3-methyl-3-hexen-1-yne, etc.) in a quantity of 1-1000 ppm platinum per 1 part siloxane rubber, a curing agent (peroxide) in a quantity sufficient for the vulcanisation of the composite, and benzotriazole [23] . The use of additions of acetylene derivatives also improves the flame resistance properties of the cable (time to failure, and so on) by a factor of 2-2.5.
Similar flame-retardant composites have been patented [24] , and here silicon dioxide with a particle size of 18 nm and a specific surface of 95 m 2 /g is used, the platinum content amounts to 1-1000 ppm, and the content of benzotriazole derivatives amounts to 0.01-10 parts, with 0.05-10 parts methyl-substituted benzoyl as a vulcanising agent. A cable manufactured on this basis does not sustain combustion in tests according to the UL578 standard. In Hayashida et al. [25] , an investigation was made of the mechanism of catalytic action of platinum compounds in increasing the flame resistance of silicone rubber composites. For the case of a platinum(0)-1,3-divinyl-1,1,3,3-tetramethyldisiloxane complex, by methods of gas analysis and alkaline decomposition of pyrolysis products, it was shown that, in the range 400-800°C, in the presence of platinum compounds, the flame resistance increases on account of suppression of the process of depolymerisation and the formation of additional crosslinks between chains of the type ≡Si-CH 2 -Si≡ and methane.
A broad group of heat-resistant materials has now been developed, based on organosilicon thermoplastics, thermosetting plastics, or elastomers forming during combustion a ceramic-like inorganic residue capable of fulfilling protective functions during service, and the high promise of their use in cable engineering as heat-resistant electrical-insulation materials has been shown .
In Western Europe, this problem began to be addressed after the tragic events brought about by fires in several tunnels [22] . It was established that flame-resistant cables with insulation of silicone rubber ceramifying during a fire can tackle problems of fire safety. Such cables are non-flammable, do not release harmful gases, and are capable of withstanding for a long time the action of a flame and high temperature. This type of insulation is suitable for cables conveying electrical energy, audiocables, data communication cables, and safety control systems.
In the development of formulations for ceramifying silicone rubbers, general technological requirements laid down for elastomeric electrical-insulation materials have been observed. They are processed on normal equipment for the production of cables or articles of electrical engineering designation, and also ensure the required properties and service lives of cables under service conditions. The protective properties of ceramifying silicone rubbers are based on the fact that inorganic pyrolysis products in combination with ceramic precursors and catalysts form a complete structure at a fairly low temperature, which ensures efficiency of the article up to a temperature of 1000°C or more. The formation of the ceramic system can be adjusted so as to minimise the change in size or to ensure the necessary degree of swelling on the escape of volatile gases from the polymer. This may lead to a honeycomb structure with increased heat resistance.
Of greatest interest are composites in which the ceramifying of the silicone-rubber-based cable occurs at temperatures of 700-1000°C (conditions that generally exist during a fire). Here it must be pointed out that the lower the temperature of combustion, the more difficult it is to obtain a ceramic, as most ceramifying processes with the participation of the silicon dioxide formed during combustion of silicone rubber proceed at temperatures of 1000°C and above. In this connection, the role of the choice of ceramifying additives and catalysts promoting the formation of a ceramic in the temperature range indicated above is very important. On the other hand, it is very important to suppress processes of depolymerisation, which are accompanied with the formation of cyclic organosiloxanes, which, on evaporating, burn in the gas phase without participating in the formation of a ceramic material and additionally form dust-like silicon dioxide.
In a review [26] , a number of papers are presented that are devoted to investigating the effect of different mineral ceramifying fillers (up to 80 wt% of the polymer) on processes of ceramifying and to the use of polydimethylsiloxane polymers as flame-retardant additives when introduced into organic polymer composites.
The effect of ceramifying fillers on the conditions of manufacture of rubber mixes, the processing conditions, the microstructure of composites, the physicomechanical properties and service characteristics of the vulcanisates, and the structure of the ceramic has been set out in fair detail in Bielinski et al. [27] . In Bielinski et al. [27] an investigation was made of the effect of different fillers on the rheological, extrusion, and mechanical properties of ceramifying silicone rubbers used for cable insulation, and also the promise was shown of modifying the surface of ceramifying fillers to improve the morphology and mechanical properties of highly filled rubber mixes.
Comparison of the properties of ceramic obtained using kaolin, bentonite, and wollastonite showed that the use of crystalline wollastonite makes it possible to produce a porous and stronger ceramic [28] . When non-crystalline kaolin and bentonite are used, a less porous and more brittle ceramic is formed. The formulations have been described and the properties have been investigated of flame-retardant ceramifying composites that can be vulcanised by organic peroxides, based on polysiloxane elastomer and low-melting glass as a ceramifying filler forming a ceramic at 600-750°C [29] .
Composites of flame-retardant ceramifying silicone rubber that can be vulcanised by the reaction of hydrosilylation have been patented [30] , including polyorganosiloxane with alkenyl groups in the molecule, silicon dioxide, hydrophobised dimethylcyclosiloxane, polyorganosiloxane with terminal silanol groups, polyorganohydride siloxane as the crosslinking agent, calcium carbonate, and benzotriazole or its derivatives. As the vulcanisation catalyst, use is made of Karstedt's catalyst, and acetylene derivatives are used as the vulcanisation catalyst inhibitor. Furthermore, platinum may be present in the composites in the form of a fine powder, platinohydrochloric acid or its alcohol solution, complex coordination compounds of platinum with diketones, olefins, 1,3-divinyltetramethyl disiloxane, and also platinum applied on aluminium oxide or carbon black, or in the form of a complex of platinohydrochloric acid with a thermoplastic polymer containing silicone resin. The platinum content in the composite may amount to 0.5-1000 ppm per 1 part silicone rubber.
In another patent [31] , the composition of the ceramifying rubber compound, besides silicone rubbers and pyrogenic silicon dioxide (with a specific surface of 200 m 2 /g), includes metal oxides (aluminium, magnesium, tin, zinc, barium, cerium, titanium, zirconium, or compounds of metals of this group that give oxides when heated), boric acid or zinc borate, and also compounds of platinum (in the form of a complex with 1,3-divinyltetramethyl disiloxane), rhodium, and iridium in near-catalytic quantities. The rhodium compounds may include [Rh(OAc) 2 ] 2 , Rh(OAc) 3 , rhodium acetyl acetonate, and also different complexes where the ligands may be cyclooctadiene, norbornadiene, and so on. Iridium may be present in the form of acetate, acetyl acetonate, or complexes of the type [Ir(Z)Dien)] 2 , where Z is Cl, Br, I or an alkoxy radical, and Dien is cyclooctadiene. For the case of a composite with the use of a complex of platinum with 1,3-divinyltetramethyl disiloxane, it was shown that, after ignition at 420°C, the cable insulation burns up and forms a solid ceramic layer. For 2 h at 930°C, a load with a voltage of 500 V passes without short circuiting, although several small cracks appear in the ceramic layer, caused by thermal expansion of the metal conductor. Furthermore, a 2 mm plate of this material has a limiting oxygen index (LOI) of the order of 27%.
Hamdani et al. [26, 32] showed that a mechanically stable and less brittle ceramic is obtained during the burning of rubber compounds in which there is a combination of inorganic fillers and microscopic mineral fibres. By thermogravimetric analysis, they investigated the thermal stability of such composites with silicone [32] . The effect of the size and microstructure of the filler on the properties of the composites was shown.
An investigation was made of the properties of highly filled silicone ceramifying rubber compounds containing 100-120 parts ceramifying filler per 100 parts silicone rubber mix. It was established that the singularity of the filler particles and their interaction with the silicone matrix determine the mechanical properties of the ceramic material that is formed during combustion. The type, volume, and size distribution of these additives are key factors in the formation of the microstructure of the ceramic-like substance. Furthermore, the conditions of formation of the ceramic can have a strong effect on its final microstructure and other properties [33] . Three main features in the process of ceramifying during combustion can be singled out:
1. Sintering of the mineral particles of the filler by condensation of the silanol groups that are present on the surface of the filler, which leads to the production of large ceramic regions.
2. The formation of quartz by the oxidation of the silicone rubber matrix in the presence of oxygen and mineral powders acting as catalysts of quartz formation. The quartz formed bonds the mineral particles together.
3. The use of low-melting mineral components, the particles of which melt at reduced temperatures, promotes the dissolution of the high-melting components and creates a bond between the mineral particles of the filler [33] . As a result of ceramifying, a continuous porous structure is formed that protects the coated elements (for example, copper wires) against thermal and mechanical external loads and can ensure the efficiency of important devices (lifts, and so on) for up to 3 h during a fire, even when the temperature approaches the melting point of the current carrier.
An investigation has been made of the effect of reinforcing fibres on silicone ceramifying rubber composites containing 40 parts pyrogenic filler produced by Silicony Polskie Nowa Sarzyna, and, as ceramifying additives, 40 parts wollastonite and 20 parts low-melting glass for sintering. Use was also made of 5, 10, and 15 parts aluminosilicate or Kevlar fibres. Burning was conducted at 1000°C. It was established that aluminosilicate fibres in a quantity of 5-10 parts are promising for the production of a strong ceramic. During combustion of the material, they interact with the inorganic components of the composite, promoting a considerable increase in the strength properties of the ceramic. Kevlar fibres are less promising, as they do not interact with the inorganic components of the material during combustion [34] .
Mansouri et al. [35] studied the properties of ceramic formed during the burning of silicone composites based on silicate fillers, its microstructure, and properties. Investigation of the phase behaviour leading to the mechanism of ceramifying was conducted using X-ray phase analysis. In the work, use was made of two different types of silicone polymer -rubber NPC 80 (DowCorning) and ElastosilR 401/80S (Wacker-Chemie), and as the filler (20%) use was made of muscovite mica of the following composition: 46% SiO 2 , 33% Al 2 O 3 , 10% K 2 O, 5% Fe 2 O 3 , 0.6% Na 2 O, and 0.6% MgO.
Silicone-based polymers demonstrate good properties in relation to the ignition time (IT) and the rate of heat generation by comparison with most organic polymers.
The ignition time for silicone amounts to 75 s with a heat generation rate of 144 kW/m 2 . After the addition of mica, the IT increases to 92 s, and the maximum rate of heat generation decreases to 98 kW/m 2 , which indicates an improvement in fire protection.
To assess the service properties in the case of a fire, cable with insulation of a composite containing mica, with a thickness of the insulation layer of 1.7 mm, was tested. This cable was burnt in air at 1050°C and held at the maximum burning temperature for 30 min, then sprayed with a water jet (Australian standard A/NZS 3013:1995 Electrical installations: Classification of the fire and mechanical performance of wiring system elements). After burning of the cable, an integral and strong ceramic was formed without cracks, which was able to withstand small mechanical impacts of the water jet used at the end of burning. Microstructural analysis showed that mica plates are present in the cable insulation in the form of a multilayer structure. The authors indicate that, by the addition of certain inorganic fillers to the silicone polymer base, it is possible to improve the sintering process leading to the formation of ceramic after burning. A mechanism is proposed for the formation of a strong ceramic.
Formulations for ceramifying rubber compounds that are promising for the manufacture of cables retaining efficiency during and after a fire and methods for their manufacture have been patented [36, 37] . A feature of the proposed composites is the use of platinum compounds as additives increasing the flame resistance.
A formulation has been proposed for a silicone rubber for coatings that after burning forms a ceramic coating with high adhesion to the substrate [38] . Fire-retardant sealants [39] based on silicone rubber and silicon dioxide (about 5%) cured by a crosslinking system of methyl-tris-(methyl ethyl ketoximo)silane, aminosilane, and dibutyl tin diacetate as a fireproofing additive contain up to 20% dodecahydrododeca-chlorodimeth anedibenzocyclooctane and up to 20% glass frit. In the process of combustion, the sealant forms a ceramic mass on account of the presence in its composition of glass frit. During combustion, the glass frit begins to melt in the temperature range 350-750°C, with the formation of a protective ceramic layer.
A flame-retardant composite [40] containing 100 parts silicone resin, 4-40 parts boron nitride, 3-15 parts silica, and 0.1-1.2 parts boron oxide is vulcanised at room temperature with the formation of a porous polymer. This polymer is mixed with polydimethylpolymethylphenylsilsesquioxane copolymer, boron nitride, and silicon dioxide. After heat treatment of the obtained composite at 1000°C, a ceramic-like material is formed in a yield of 88% of the initial mass.
Electric cable has been patented [41] that contains glass fibre of at least 1 mm length as a reinforcing filler, while the polymer composite consists of silicone rubber filled with reinforcing and ceramifying fillers with additions of platinum compounds. The composite is vulcanised by a peroxide, condensation, or addition mechanism. In the process of cable manufacture, the reinforcing glass fibre is extruded together with the silicone composite.
A ceramifying rubber compound has been proposed that is manufactured from silicone rubber, silicon dioxide, silicone oil, and ceramic powder, which, during ablation in a flame, is transformed into a ceramic shell protecting the burnt item from damage [42] .
To produce flame-retardant ceramifying wires and cables, in a Chinese patent [43] , at the first stage, 100 parts methylvinyl silicone rubber, 40-60 parts ceramic powder, 40-65 parts reinforcing filler, 3-5 parts cyclosilazane, and (5-20) × 10 −5 parts platinohydrochloric acid are mixed. The obtained mixture is then extruded, the extrudate is irradiated with highenergy beams, and formed articles are obtained from the ceramifying refractory rubber compound. The obtained rubber compound possesses good physicomechanical properties (tensile strength up to 8.6 MPa with an elongation at break of up to 350°C), electrical properties (resistivity up to 2.4 × 10
16 Ω/cm), weather resistance, resistance to ageing, and fatigue strength, and also a long service life.
Formulations for a ceramifying rubber compound and the method for manufacturing a waterproofing, fireproofing, electrical-insulation strip based on glass fibre for the protection of cable have been proposed in patents [44, 45] .
A method for manufacturing flame-resistant cable retaining efficiency after a fire with the use of a ceramifying silicone rubber compound has been proposed in another patent.
A method has been patented [47] for producing a medium-voltage elastic electrical cable with multilayer insulation, which contains a first layer of extruded silicone ceramifying material and an additional external layer manufactured from similar material, thereby ensuring thermal protection of the inner layers of the cable consisting of copper wires and semiconductor and insulating materials. A method has been proposed [48] for the manufacture of flame-resistant optical cable in which one of the insulation layers consists of a ceramifying rubber compound. The manufacture of a water-resistant, flame-resistant photoelectric composite cable capable of operating under the conditions of a fire, in which one of the insulation layers consists of ceramifying silicone rubber compound, has been proposed [49] .
A method has been proposed for the manufacture of cable with a ceramifying silicon sheath based on silicone elastomer, CaCO 3 , and an additional glass-forming filler. The silicone polymer and CaCO 3 together comprise over 92% of the material [50] . When exposed to a flame, the sheath decomposes, providing a protective or electrical-insulation layer on the lead.
At present, ceramifying polyorganosiloxane composites are being produced in industry for fireretardant cable coatings and are of interest for other areas of fire protection. The silicone mixture is supplied in ready-to-process form as granules, cords, or blocks, and is processed using an extruder, like normal rubber.
On the Russian market, at the time of writing, ceramifying rubber compounds produced by the following manufacturers are available:
• Wacker Chemie AG (Germany) -R502/75, R503/75, R512/75, R70006;
• MESGO (Italy) -SIL70PXE135;
• OOO Penta-91 -Pentasil 2782, Pentasil 2750, Pentasil 2552;
• BlueStar Silicones (China) -MF8465 (Rhodia), FR8700U.
Recently, an announcement was made concerning the production of a series of rubber compounds FR8700U (Rhodia) possessing LSFOH (low smoke free of halogen) properties.
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